Abstract. Epidemiological studies implicate diets rich in saturated free fatty acids (sFFA) as a potential risk factor for developing Alzheimer's disease (AD). In particular, high plasma levels of the sFFA palmitic acid (palmitate) were shown to inversely correlate with cognitive function. However, the cellular mechanisms by which sFFA may increase the risk for AD are not well known. Endoplasmic reticulum (ER) stress has emerged as one of the signaling pathways initiating and fostering the neurodegenerative changes in AD by increasing the aspartyl protease ␤-site A␤PP cleaving enzyme 1 (BACE1) and amyloid-␤ (A␤) genesis. In this study, we determined the extent to which palmitate increases BACE1 and A␤ levels in vitro and in vivo as well as the potential role of ER stress as cellular mechanism underlying palmitate effects. We demonstrate, in palmitate-treated SH-SY5Y neuroblastoma cells and in the hippocampi of palmitate-enriched diet-fed mice, that palmitate evokes the activation of the C/EBP Homologous Protein (CHOP), a transcription factor that is specifically responsive to ER stress. Induction of CHOP expression is associated with increased BACE1 mRNA, protein and activity levels, and subsequent enhanced amyloidogenic processing of amyloid-␤ protein precursor (A␤PP) that culminates in a substantial increase in A␤ genesis. We further show that CHOP is an indispensable molecular mediator of palmitate-induced upregulation in BACE1 activity and A␤ genesis. Indeed, we show that Chop -/-mice and CHOP knocked-down SH-SY5Y neuroblastoma cells do not exhibit the same commensurate degree of palmitate-induced increase in BACE1 expression levels and A␤ genesis.
INTRODUCTION
Alzheimer's disease (AD), the most common form of dementia in the elderly, is characterized by progressive neurodegeneration resulting in cognitive dysfunction and memory impairment. The histopathological hallmarks of AD include the extracellular accumulation of aggregated amyloid-␤ (A␤) peptide as neuritic senile plaques and the intracellular accumulation of aggregated hyperphosphorylated protein tau as neurofibrillary tangles. A␤ is a constitutively synthesized peptide generated by the sequential two-step proteolytic cleavage of the transmembrane protein amyloid-␤ protein precursor (A␤PP). In the first step, A␤PP is cleaved by the membrane-bound aspartyl protease ␤-site A␤PP cleaving enzyme 1 (BACE1) to generate carboxy terminal fragment ␤ (CTF␤, or C99 fragment), which in the second step is subsequently cleaved by the ␥-secretase complex to generate A␤ peptide [1] . The general consensus points to the accumulation and aggregation of the A␤ peptide as a central instigating factor that triggers a cascade of detrimental pathophysiological events that culminate in the neurodegenerative changes that characterize the onset of AD. The levels of BACE1 protein as well as its enzymatic activity are significantly augmented in the AD brain [2] [3] [4] [5] . The etiology of AD is multifactorial with both genetic and non-genetic factors likely contributing to the disease progression. Epidemiological studies have implicated a diet rich in saturated free fatty acids (sFFA) as a significant risk factor for developing AD [6] [7] [8] [9] [10] . Furthermore, the degree of saturated fat or saturated fatty acids in the diet determines and dictates the degree of risk for developing AD [11, 12] . Diets rich in saturated fat also precipitate cognitive dysfunction in a multitude of murine models [13, 14] . Palmitic acid (palmitate) is the most abundant long-chain sFFA in the brain [15] and the diet [16] . Moreover, higher sFFA levels in the plasma, as observed in obesity and diabetes, inversely correlate with cognitive function [17, 18] . Additionally, sFFA in circulation such as palmitate, emanating either from the diet or from de novo lipogenesis in the liver, cross the blood-brain barrier [19] and add to the burden of saturated fatty acid pool in the brain [20, 21] . Recent studies have implicated endoplasmic reticulum (ER) stress as one of the culpable factors in initiating and fostering the neurodegenerative changes in AD [22] . A multitude of other studies have demonstrated that sFFA, such as palmitate, evoke ER stress [23] [24] [25] [26] . Sustained ER stress culminates in the increased expression of the transcription factor C/EBP Homologous Protein (CHOP, also called growth arrest and DNA damage induced gene-153, GADD153 or DDIT3). Our earlier studies have implicated the role of CHOP in the regulation of BACE1 expression [27] . However, the extent to which palmitate modulates ER stress and subsequent CHOP expression to impinge on BACE1 expression and subsequent A␤ genesis is not well-known. In this study, we determined the impact of palmitateenriched diet and exogenous palmitate treatment on BACE1 expression and A␤ genesis in the mouse brains and in neuroblastoma cells respectively and delineated the underlying molecular mechanisms involving ER stress and CHOP.
MATERIALS AND METHODS

Materials
Human SH-SY5Y neuroblastoma cells stably expressing the A␤PP Swedish KM670/671NL double mutation (SH-SY5Y-␤ Swe ) were cultured in DMEM:Ham's F12 with Glutamax (1:1; v/v), 10% fetal bovine serum, and 1% antibiotic/antimycotic mix. Cells were maintained at 37 • C in a saturated humidity atmosphere containing 95% air and 5% CO 2 . All cell culture reagents, with the exception of fetal bovine serum (Atlanta Biologicals, Lawrenceville, GA) and antibiotic/antimycotic mix (Sigma Aldrich, St. Louis, MO) were purchased from Invitrogen (Carlsbad, CA). Palmitic acid, stearic acid, palmitoleic acid, oleic acid, Tunicamycin, and 4-phenylbutyric acid were purchased from Sigma Aldrich (St. Louis, MO). The expression plasmid for overexpressing full length native CHOP (CHOP 6: mCHOP-WT-9E10-pcDNA1) was a gift from Dr. David Ron (Addgene plasmid # 21913). The expression plasmid for overexpressing the leucine zipper domain deleted CHOP mutant (CHOP LZ-) (CHOP 5: mCHOP10 [dLZ] pSRa) was a gift from Dr. David Ron (Addgene plasmid # 21912). The human and mouse CHOP double-stranded siRNA (Silencer ® Select Pre-Designed & Validated siRNA) and their respective scrambled non-silencing control siRNA were purchased from Thermo Fisher Scientific (Waltham, MA). The list of siRNA and their respective targets are enumerated in Table 1 . CHOP shRNA (set of 5 different shRNA) encoded in pLKO.1 lentiviral vector were purchased from Open Biosystems (GE Dharmacon, Lafayette, CO) and their respective target sequences are enumerated in Table 2 .
Cell culture and treatments
SH-SY5Y-APP Swe cells were transfected with the designated vectors as previously described [28] [29] [30] [31] . 
Mouse experiments
Mice harboring a homozygous targeting deletion mutation to the Ddit3 gene (Chop -/-mice) were procured from The Jackson Laboratory [B6.129S(Cg)-Ddit3 tm2.1Dron /J, Stock #005530] (Bar Harbor, ME). The corresponding C57BL/6J control mice were also procured from The Jackson Laboratory (Stock #000664). The mice were housed in individually ventilated cages at an ambient room temperature (23-25 • C) and ambient relative humidity ranging between 50-70%. The mice were maintained on 12:12 h light:dark cycle and allowed access to food and water ad libitum. The Chop -/-mice and their wild-type C57BL/6J mice (all males, nine months of age) counterparts were each segregated into two groups, one fed a palmitate-enriched diet (TD 110616, Harlan Teklad, 2.2% w/w palmitic acid) and the other fed the corresponding control diet (TD 85172, Harlan Teklad, 0.8% w/w palmitic acid) for three months, to generate four different experimental cohorts of nine-month-old male mice (n = 15). The diets were isocaloric in relation to each other and the respective composition of the diets is shown in Table 3 . Food-intake was monitored for the span of 24 h, once every two weeks. Body weights were measured every two weeks. No significant changes in body weight (Table 4 ) and food intake were observed among the different cohorts of mice. Necropsy was performed at twelve (12) months of age. All animal procedures were carried out in accordance with the U.S. Public Health Service Policy on the Humane Care and Use of Laboratory Animals and were approved by the Institutional Animal Care and 
Western blot analysis
Whole cell, cytosolic, and nuclear homogenates from cells as well as the mouse cortices and hippocampi were prepared as previously described [27, 29, 32, 33] . Proteins (10-40 g) were resolved on SDS-PAGE gels followed by transfer to a polyvinylidene difluoride membrane (BioRad, Hercules, CA) and incubation with the monoclonal antibodies listed in Table 5 . The origin, source, the dilutions of the respective antibodies used for this study is compiled in Table 4 . ␤-actin was used as a gel loading control for whole cell and cytosolic homogenates, whereas Histone H3 was used as a gel loading control for nuclear homogenates. The blots were developed with enhanced chemiluminescence (Clarity TM Western ECL blotting substrate, Bio-Rad, Hercules, CA) and imaged using a LiCOR Odyssey Fc imaging system.
Lactate Dehydrogenase (LDH) assay for cytotoxicity
The levels of LDH were measured as a surrogate measure of cytotoxic cell death in response to palmitate treatment using the "CytoTox 96 ® Non-Radioactive Cytotoxicity Assay" from Promega (Catalog # G1780) (Madison, WI) following manufacturer's instructions. Data was normalized to the intensity of the absorbance in BSA-treated cells (control) (set as unit value) and expressed as a fold-change of the control ± SD (six wells per one experiment from three separate experiments, n = 3).
ER stress transcription factor activation profiling plate array
The transcriptional activity of the ER-stressassociated transcription factors was determined using the "ER Stress (UPR) TF Activation Profiling Plate Array" from Signosis Inc. (Santa Clara, CA, Catalog # FA-1006) using manufacturer's instructions and as described previously [28] . Briefly, nuclear lysate fractions were prepared, from treated SH-SY5Y-APP Swe cells or the hippocampi of mice, using a sequential cellular fraction approach. The nuclear lysate containing the equivalent of 15 g of total protein content was used for each assay. The respective transcription factor (TF) was complexed with the respective DNA probe to generate the TF/DNA complex using the nuclear lysate and components of kit provided. The TF/DNA probe complex was separated from the free DNA probe by passing it through the isolation column and subsequently eluted from the column using the kit components following the manufacturer's protocol. The purified TF/DNA probe complex was hybridized to a specific secondary biotin-labeled probe in a 96-well plate. The biotin and HRP-conjugated streptavidin chemistry was used to determine the luminescence signal as a surrogate measure of the transcriptional activity. Enzyme-linked immunosorbent assay (ELISA) A␤ 1-42 levels in neuroblastoma cells were quantified in the conditioned media (secreted) and cellular homogenates (intracellular) using an ELISA immunoassay kit (Invitrogen, Carlsbad, CA) following the manufacturer's protocol and as described earlier [27, 34] . Intracellular A␤ 1-42 levels in the cellular homogenates were normalized to total protein content in the samples (pg/mg protein). Treatments were performed in quadruplet (n = 4, four biological replicates with three technical replicates within each biological replicate). The secreted A␤ 1-42 levels measured in the culture medium are expressed in pg/mL of media. A␤ 1-42 levels in the mouse cortex and hippocampus were quantified using the same aforementioned ELISA immunoassay kit (Invitrogen, Carlsbad, CA). The mouse cortex and hippocampal tissue was subjected to a sequential extraction procedure [35] to generate the following sub-cellular fractions containing the respective A␤ 1-42 species -TBS-soluble A␤ (water soluble A␤ ), 2% SDS soluble A␤ (detergent soluble A␤ , and 70% formic acid soluble A␤ (TBS insoluble A␤ , detergent insoluble A␤ ) that reflects the total A␤ 1-42 pool. A␤ 1-42 levels in the mouse cortex and hippocampus were normalized to total protein content in the samples (pg/mg protein).
Quantitative real time RT-PCR analysis
Total RNA was isolated and extracted from treated cells using the 5 prime "PerfectPure RNA tissue kit" (5 Prime, Inc., Gaithersburg, MD) following manufacturer's instructions and as described previously [36] . cDNA was obtained by reverse transcribing 1 g of extracted RNA using an iScript cDNA synthesis kit" (BioRad, Hercules, CA). cDNA was obtained by reverse transcribing 1 g of extracted RNA using an iScript cDNA synthesis kit" (BioRad, Hercules, CA). The quantitative Real-time RT-PCR was performed using TaqMan chemistry using "Assayson-Demand" probes (ABI, Foster City, CA) for human BACE1 (BACE1 gene) (Hs01121195 m1) and mouse Bace1 (Bace1 gene) (Mm00478664 m1), The amplification was performed using the "StepOnePlus" PCR System (ABI, Foster City, CA). The expression of specific transcripts amplified was normalized to the expression of 18s rRNA. The data were quantified and expressed as fold-change compared to the control by using the C T method.
FRET-based BACE1 activity assay
BACE1 activity in cellular and tissue homogenates was determined using a FRET-based kit from SigmaAldrich (St. Louis, MO, Catalog #CS0010) following manufacturer's protocol. The raw data expressing the BACE1 activity in terms of percentage of substrate cleaved in respective samples was further normalized and expressed as fold-change compared to control.
Statistical analysis
The significance of differences among the samples was assessed by non-parametric Kruskal-Wallis One Way Analysis of Variance followed by Dunn's post-hoc test. Statistical analysis was performed with GraphPad Prism 6. Quantitative data for all the assays are presented as mean values ± S.D (mean values ± standard deviation) with unit value assigned to control and the magnitude of differences among the samples being expressed relative to the unit value of control as fold-change. Quantitative data for ELISA analysis are presented as mean values ± S.D with absolute concentrations of A␤ reported.
RESULTS
Palmitate induces ER stress in the mouse hippocampus and the SH-SY5Y-APP Swe human neuroblastoma cells
The effects of palmitate treatment on ER stress markers were determined in cultured SH-SY5Y-APP Swe human neuroblastoma cells that stably express the Swedish KM670/671NL double mutant A␤PP. The brain levels of the two most abundant saturated free fatty acids, palmitate (16:0) and stearate (18:0), range from sim;60 moles/L (60 M) to sim;75 moles/L (75 M) and sim;50 moles/L (50 M) to ∼60moles/L (60 M), respectively [37] [38] [39] [40] . FFA in circulation are bound to serum albumin that solubilizes the hydrophobic free fatty acids and governs their bioavailability [41] . Therefore, we treated the SH-SY5Y-APP Swe cells with increasing concentrations of BSA-conjugated palmitate and stearate, as well as the mono-unsaturated fatty acids (MUFA), palmitoleate (16:1) and oleate (18:1), with concentrations ranging from 25-500 M for 24 h. Our data demonstrates that palmitate and stearate at 100 M and beyond, but not palmitoleate and oleate at 100 M, evoke ER stress in SH-SY5Y-APP Swe cells as assessed by the pronounced increase in the expression of ER resident chaperones, GRP78 and GRP94, as well as ER-stress associated transcription factor CHOP (Fig. 1A-D) . More importantly this concentration of palmitate and stearate (100 M) did not elicit cell death unlike higher concentrations (250-500 M) in cultured SH-SY5Y-APP Swe cells (Fig. 1E) . Consequently, palmitate conjugated to BSA (molar ratio 6:1) at a terminal concentration of 100 M was used to treat SH-SY5Y-APP Swe cells. Palmitate treatment of SY5Y-APP Swe cells activated the three signaling cascades of ER stress pathway as determined by a pronounced increase in the phosphorylation status of IRE1␣ and PERK and a significant increase in the nuclear transcloaction of ATF6 ( Fig. 2A ). There was a pronounced increase in nuclear translocation of other ER stressassociated transcription factors -CHOP, ATF3, and ATF4 ( Fig. 2A) . C57BL/6J mice fed a palmitateenriched diet (2.2% w/w palmitic acid) for three months also exhibited profound ER stress in the hippocampus as assessed by determining the levels of the same aforementioned ER stress markers ( Fig. 2A) . Furthermore, the transcriptional activity of the aforementioned ER stress-associated transcription factors was also significantly increased in the treated SY5Y-APP Swe cells (Fig. 2B ) as well as in the hippocampi of C57BL/6J mice fed a palmitateenriched diet (Fig. 2B) . These data are consistent with our previously published work demonstrating that palmitate evokes ER stress in neuronal cells and the mouse brain [28] .
Palmitate induces BACE1 expression and the ensuing Aβ accumulation by evoking ER stress
We next determined the effects of palmitate and stearate, as well as their monounsaturated counterparts, palmitoleate and oleate, respectively, on BACE1 expression levels, BACE1 activity, A␤PP processing, as well as intracellular and secreted A␤ 1-42 levels in SH-SY5Y-APP Swe cells. Both, palmitate and stearate, but not palmitoleate and oleate, significantly increased BACE1 protein levels (Fig. 3A) , BACE1 mRNA expression, BACE1 enzymatic activity (Fig. 3C) , and intracellular as well as secreted A␤ 1-42 levels (Fig. 3D ) in SH-SY5Y-APP Swe cells. Furthermore, this increase in A␤ genesis by palmitate and stearate was ascribed to increased BACE1 activity and the subsequent enhancement of amyloidogenic processing of A␤PP by BACE1 as evidenced by an increase in the levels of CTF␤ (C99) and sA␤PP␤ levels accompanied by a concomitant decrease in CTF␣ (C83) and sA␤PP␣ (Fig. 3A) . This aforementioned effect of palmitate and stearate was recapitulated by Tunicamycin (2 M) (Fig. 3A-D) , a well characterized inhibitor of N-linked glycosylation of nascent proteins that induces ER stress. Further evidence unequivocally implicating ER stress in the palmitateinduced effects on BACE1 expression, BACE1 activity, A␤PP processing, and A␤ genesis emanated from the finding that the molecular chaperone 4-phenylbutyric acid (4-PBA), known to alleviate ER stress, significantly attenuated the palmitate induced increase in BACE1 protein levels (Fig. 4A) , BACE1 mRNA expression (Fig. 4B ) and BACE1 enzymatic activity (Fig. 4C) , amyloidogenic processing of A␤PP (Fig. 4A) , and augmentation of A␤ 1-42 genesis (Fig. 4D) .
ER-stress-induced CHOP expression is necessary for the palmitate-induced increase in BACE1 expression and ensuing Aβ genesis
Sustained ER stress culminates in the increased expression of CHOP through the IRE1␣-XBP1 pathway, ATF6 pathway, and the PERK-eIF2␣-ATF4 signaling arm of ER stress signaling [22] . Studies from our laboratory have shown that the transcription factor CHOP plays an integral role in BACE1 expression and A␤ genesis [27] . We therefore determined the role of CHOP in palmitate-induced ER stress-mediated augmentation in BACE1 expression and A␤ genesis. To this end, we knocked-down CHOP expression in SH-SY5Y-APP Swe cells using a RNA interference approach followed by the challenge of palmitate treatment. Palmitate treatment failed to evoke an increase in BACE1 protein levels (Fig. 5A ), BACE1 mRNA expression (Fig. 5B ) and BACE1 enzymatic activity (Fig. 5C ), augmentation in amyloidogenic processing of A␤PP (Fig. 5D) , and an increase in A␤ 1-42 levels (Fig. 5D) to the same degree in CHOP-silenced SH-SY5Y-APP Swe cells compared to palmitate treated native SH-SY5Y-APP Swe cells. Knocking-down of CHOP in SH-SY5Y-APP Swe cells significantly attenuated the palmitate-induced increase in BACE1 protein levels, BACE1 activity, amyloidogenic processing of A␤PP, and A␤ 1-42 levels (Fig. 5A-D) . We also generated a cohort of Chop -/-mice along with their C57BL/6J wild-type littermates (nine months of age) and fed them a control diet or a palmitate-enriched diet for three months. Feeding wild-type C57BL/6J mice a palmitate-enriched diet resulted in a pronounced increase in BACE1 protein levels (Fig. 6A) , BACE1 mRNA expression (Fig. 6B ) and BACE1 enzymatic activity (Fig. 6C) , augmentation in amyloidogenic processing of A␤PP (Fig. 6A) , and an increase in total A␤ 1-42 levels (70% formic acid Fig. 3 . BACE1 expression and subsequent A␤ genesis is induced by the sFFA, palmitate and stearate, but not by their MUFA counterparts, palmitoleate and oleate. A) Representative western blots show that exogenous palmitate and stearate treatment (100 M for 24 h), but not palmitoleate and oleate treatment (100 M for 24 h), significantly increases BACE1 protein levels accompanied by an increase in the amyloidogenic processing of A␤PP as evidenced by an increase in sA␤PP␤ and CTF␤ levels concomitant with a decrease in sA␤PP␣ and CTF␣ levels in the whole cell homogenates from SH-SY5Y-APP Swe cells. B, C) Exogenous palmitate and stearate treatment, but not palmitoleate and oleate treatment, significantly increases BACE1 mRNA expression (B) and BACE1 activity (C) in SH-SY5Y-APP Swe cells. D) ELISA immunoassays show that exogenous palmitate and stearate treatment, but not palmitoleate and oleate treatment, significantly increases the levels of the intracellular A␤ species in the whole cell lysates and secreted A␤ 1-42 species in the conditioned media, from SH-SY5Y-APP Swe cells. The ER stress inducer, Tunicamycin, also increased the following -BACE1 protein levels (A), BACE1 mRNA expression (B) and BACE1 activity (C), and the ensuing levels of intracellular as well as secreted A␤ 1-42 species (D) in SH-SY5Y-APP Swe cells. Data is expressed as Mean ± S.D and includes determination made in four (n = 4) separate cell culture experiments. * * * p < 0.001 versus BSA-treated cells. soluble) (Fig. 6D) in the hippocampus region of the brain. However, Chop -/-mice fed a palmitateenriched diet did not exhibit, to the same degree, the increase in BACE1 protein levels, BACE1 activity, amyloidogenic processing of A␤PP, and total formic acid soluble A␤ 1-42 levels (Fig. 6A-D) . Interestingly, BACE1 protein levels, BACE1 activity, and total formic acid soluble A␤ 1-42 levels were still higher in palmitate-treated CHOP knocked-down cells and in the hippocampi of Chop -/-mice compared to the BSA-treated native cells and C57BL/6J wild-type mice fed a normal chow respectively, suggesting that palmitate may mediate the aforementioned effects partially by other mechanisms that are yet to be delineated. To further substantiate the finding that palmitate-induced increase in CHOP expression underlies the augmentation in BACE1 expression and the ensuing A␤ genesis, we deleted the leucine zipper domain of CHOP that is obligatory and indispensable for CHOP transcriptional activity. We ectopically expressed either the transcriptionally dead-leucine zipper domain deleted mutant (CHOP LZ -) or the full length native CHOP in SH-SY5Y-APP Swe cells and determined BACE1 expression and activity, A␤PP processing, and the ensuing A␤ genesis. Ectopic overexpression of the full-length native CHOP was sufficient by itself to significantly enhance BACE1 protein levels (Fig. 7A) , BACE1 mRNA expression (Fig. 7B ) and BACE1 activity (Fig. 7C) , and A␤ 1-42 levels (Fig. 7D ) in SH-SY5Y-APP Swe cells. However, SH-SY5Y-APP Swe cells ectopically expressing the leucine zipper domain deleted CHOP mutant (CHOP LZ -) devoid of transcriptional activity did not exhibit any significant augmentation in BACE1 protein levels, BACE1 mRNA expression and activity, and A␤ 1-42 levels (Fig. 7A-D) .
DISCUSSION
There is a plethora of epidemiological evidence linking the intake of a diet rich in saturated fat and the risk for developing AD [6] [7] [8] [9] [10] . The Rotterdam study in the Netherlands which included 5,395 participants, aged 55 years and older, concluded a positive correlation between the intake of a diet rich in saturated fat and cognitive decline with an increased risk of developing AD [7] . In the United States, The Washington Heights-Inwood Columbia Aging Project (WHICAP) and The Chicago Health and Aging Project (CHAP) that included 980 New Yorkers aged ≥65 years and 895 Chicagoans aged 65-94 respectively, also found a positive association between saturated fat intake and cognitive dysfunction leading to an increased risk for developing AD [10] . A multitude of laboratory studies have also recapitulated this detrimental aspect of a diet-enriched in saturated fat, specifically palmitate-enriched diet, on learning and memory deficits and cognitive impairment in several rodent models for assessing learning, memory, and cognitive function [13, 14] . Conditioned media from palmitate-treated astrocytes has been shown to upregulate BACE1 expression in primary cortical neurons [42] by inducing serinepalmitoyltransferase expression-mediated increase in ceramide synthesis [43] by the astrocytes that culminates in sphingomyelinase and STAT3 (Signal Transducer and Activator of Transcription 3)-induced increase in BACE1 expression levels in neurons [44, 45] . Recent studies have shown that feeding female 3xTg-AD mice a high-fat diet for nine months results in a six-fold increase in soluble A␤ levels in the Fig. 6 . Chop -/-mice are significantly protected from the palmitate-enriched diet-induced increase in BACE1 expression and ensuing A␤ genesis. A) Representative western blots show that nine-month-old Chop -/-mice fed a palmitate-enriched diet for three months, do not exhibit the increase in BACE1 protein levels as well as the accompanying increase in sA␤PP␤ and CTF␤ levels concomitant with a decrease in sA␤PP␣ and CTF␣ levels, to the same degree in the hippocampal region compared to the C57BL/6J wild-type mice fed a palmitateenriched diet. B, C) Chop -/-mice fed a palmitate-enriched diet do not exhibit the increase in BACE1 mRNA expression (B) and BACE1 activity (C), to the same degree in the hippocampal region compared to the C57BL/6J wild-type mice fed a palmitate-enriched diet. D) ELISA immunoassays show that the Chop -/-mice fed a palmitate-enriched diet have significantly lower levels of total formic acid-soluble A␤ and A␤ species in the hippocampus, compared to the C57BL/6J wild-type mice fed a palmitate-enriched diet. Data is expressed as Mean ± S.D and includes determination made in six (n = 6) different animals from each group. * p < 0.05, * * * p < 0.001 versus C57BL/6J wild-type mice fed a control chow diet; † p < 0.05, † † p < 0.01, versus C57BL/6J wild-type mice fed a palmitate-enriched diet; p < 0.05 versus Chop -/-mice fed a control chow diet. PA, palmitic acid. cerebral cortex [46, 47] . While there is a plethora of other laboratory studies implicating high-fat diets in the positive regulation of BACE1 activity and subsequent increase in amyloidogenic processing of A␤PP leading to enhanced brain deposition of A␤ in several transgenic mouse models of AD [47] [48] [49] [50] [51] [52] , there is a paucity of studies and data implicating a palmitate-enriched diet per se in eliciting an increase in brain A␤ levels and deposition in mice. Also, some of the aforementioned studies and other laboratory studies used a high fat-high sucrose diet [53] or a high fat-high cholesterol diet paradigm [48, 50, [54] [55] [56] , that differs significantly in the macromolecular composition of the nutrients among the different studies as well as differing significantly from our diet feeding paradigm. Moreover, our study entailed and recapitulated a very important facet in energy metabolism, utilizing the respective diets that were isocaloric, unlike all the aforementioned studies that did not utilize diets that had parity in caloric content and density. To date, very few studies have determined the effects of a palmitate-enriched diet per se, and not high-fat diet, on the transcriptional regulation of BACE1, BACE1 activity, and A␤PP processing in mouse models [57] . Our study emphasizes and delineates a unique mechanism that involves the induction of ER stress and CHOP expression in the hippocampi of wild-type fed a palmitate-enriched diet. The novelty of our study lies in the delineation and elucidation of a unique mechanism that involves the induction of ER stress and CHOP expression that culminates in the increase expression and activity of BACE1 in the hippocampi of wild-type mice fed a palmitate-enriched diet. Our study shows that palmitate-induced ER stress upregulates the expression and activity of BACE1 by activating the ER stress-associated transcription factor CHOP, which is pivotal in mediating the palmitate-induced increase in BACE1 expression and subsequent A␤ production.
Our study highlights a critical and indispensable role of the ER stress-associated transcription factor CHOP in mediating the effects of palmitate on inducing BACE1 expression and A␤ genesis. Changes in ER stress signaling have been reported in AD patients and various mouse models of AD [58, 59] . The phosphorylation of PERK and its downstream substrate eIF2␣, as well as the expression of ATF4 and CHOP is markedly augmented in the cortex [60] and the hippocampal CA1 region [61] of the AD brain. Additionally, CHOP transcriptional activity is also enhanced in temporal cortex of AD patients [62] . Increased phosphorylation of PERK and its downstream substrate eIF2␣, as well as higher levels of sXBP1, have also been reported in several mouse models of AD [58] . The induction of ER stress and phosphorylation of PERK and its downstream substrate eIF2␣, as well as the expression of ATF4 and CHOP positively correlates with the Braak scores that signify the severity of AD [61] . The increased phosphorylation of PERK and eIF2␣, as well as higher levels of sXBP1 that have also been reported in several mouse models of AD also positively correlate with tau tangle load in rTg4510 and 5xFAD AD mouse models [58] . Furthermore, aging, which is the single most important determinant risk factor for developing AD, is associated with increased expression of basal as well as inducible CHOP [63] . Our study clearly shows that palmitate causes ER stress in cultured neuroblastoma cells and mouse brain and that ER stress-induced CHOP activation leads to increased BACE1 expression and A␤ genesis. Obviating ER stress in neuroblastoma cells by treatment with the molecular chaperone 4-PBA, that inhibits ER stress, precludes the palmitate-induced elevation in BACE1 expression and A␤ genesis. Furthermore, we show that CHOP mediates the palmitate induced upregulation in BACE1 expression and A␤ genesis. Our study therefore suggests ER stress as a conduit for palmitate-induced deleterious effects that may serve as an instigator in the multitude of neurodegenerative processes that ensue. Interestingly, A␤ itself has been proposed to be upstream of ER stress signaling as it has been shown to induce ER stress and CHOP expression in cultured cells [64, 65] . We have shown that ER stress drives and instigates BACE1 expression and A␤ genesis, but it is also possible that A␤ may serve as a positivefeedback factor that may foster and exacerbate ER stress and consequently positively regulates BACE1 expression as well as its own production [65, 66] . However, knocking-down CHOP in SH-SY5Y cells and knocking-out Chop in C57BL/6J mice did not completely abrogate the palmitate-induced increase in BACE1 protein levels, BACE1 activity, and A␤ levels. This can be attributed to other signaling pathways and molecular mechanisms summoned by palmitate that could lead to an increase in BACE1 expression and activity leading to an increase in A␤ genesis. Studies using primary astrocytic and primary neuronal cultures have shown that exogenous palmitate-treated conditioned medium from astrocytes increases BACE1 expression in cultured neurons [42] via increased STAT3 transcriptional activity [45] . Exogenous palmitate treatment of astrocytes results in increased ceramide production and secretion by astrocytes [43] that causes an increase in the levels pro-inflammatory cytokines, such as TNF␣ (Tumor Necrosis Factor alpha) and IL1␤ (Interleukin 1 beta), that culminates in an increase in STAT3-mediated BACE1 expression. In rodents, peripheral administration of saturated fatty acids, such as stearate and palmitate, has been shown to result in their accumulation in the glial cells [67, 68] and evoke the expression of pro-inflammatory cytokines by astrocytes [69, 70] and microglia [71, 72] leading to a deleterious neuroinflammatory cascade [73] . Saturated fatty acids, such as palmitate, are known to activate Toll-like Receptor 2 (TLR2) and TLR4 signaling pathway-mediated increase in pro-inflammatory cytokine expression in monocytes and macrophages [74] . Recent studies have implicated deranged TLR2 and TLR4 signaling in the pathogenic mechanisms involved in AD [75] [76] [77] [78] . Activated TLR2 and TLR4 signaling results in a profound increase in the expression of pro-inflammatory cytokines, such as TNF␣, IL1␤, IL6, and IL18, in the astrocytes and microglia [79] , while causing apoptotic death in neurons [80] . The etio-pathological role of the aforementioned proinflammatory cytokines in AD is well characterized [81, 82] and the expression of BACE1 and A␤ genesis is regulated by TNF␣ [83] [84] [85] , IL1␤ [84] [85] [86] [87] , IL6 [81, 85] , and IL18 [82] . However, there are no published studies yet, addressing the effects of palmitate on the TLR2 and TLR4 signaling pathways in the glial cells and neurons and the extent to which these pathways contribute to palmitateinduced upregulation in pro-inflammatory cytokine expression and consequent augmentation in BACE1 expression as well as A␤ genesis. Our current studies are catered toward and honing in on these signaling pathways activated by palmitate that could lead to increased pro-inflammatory cytokine-dependent augmentation in BACE1 expression and A␤ genesis. Contemporary studies have shown that palmitateinduced pro-inflammatory cytokine expression is mediated by NF-B (Nuclear factor of kappa-lightpolypeptide gene enhancer of activated B cells) activation in 3T3-L1 adipocytes [88] , endothelial cells [89] , and macrophages [90] . NF-B signaling and transcriptional activity is directly involved in the transcriptional control of BACE1 and A␤ production [85, [91] [92] [93] [94] [95] . Furthermore, saturated fatty acids, such as palmitate, have been shown to induce NF-B activation via TLR signaling-dependent andindependent mechanisms [70, 90, [96] [97] [98] [99] . Current studies in our laboratory are underway to examine the involvement of palmitate-induced NF-B activation in the transcriptional upregulation of BACE1 and the subsequent enhancement of A␤ production. Emerging evidence has implicated the presence of the preassembled multi-protein complex inflammasome-mediated inflammatory cascade in the brain [100] . Inflammasomes composed of NLRP proteins (NOD-like receptors pyrin domain containing), NLRP1 [101, 102] , NLRP2 [103] , and NLRP3 [104, 105] have been identified in the brain and characterized as integral entities in eliciting neuroinflammatory responses. Furthermore, NLRP1 and NLRP3-mediated inflammatory responses are involved in the AD brain [106] [107] [108] [109] . Palmitate, and not oleate, has been shown to activate the NLRP3 inflammatory cascade in peripheral tissues and induce insulin resistance [110, 111] . Further studies are warranted to determine the status of palmitateinduced NLRP3 inflammatory cascade in the brain and subsequent downstream deleterious consequences. The NLRC4 inflammasome (NOD like receptors family CARD domain-containing protein 4), also known as the IPAF (ice protease-activating factor) inflammasome, is also activated by palmitate in primary rat astrocytes [82, 112] . Palmitate-induced increase in the mRNA and protein levels of IPAF underlies the palmitate-induced increase in IL1␤ production in primary rat astrocytes [82, 112] . Furthermore, exogenous palmitate-induced increase in A␤ production in rat primary neurons is contingent on the expression and activation of the astrocytic IPAF inflammasome, as silencing IPAF in rat primary astrocytes compromises the ability of the conditioned medium from the exogenous-treated rat primary astrocytes to evoke an increase in A␤ secretion by primary neurons in culture [112] . Moreover, the mRNA expression and protein levels of IPAF are significantly increased in the neocortex of the AD brains [112] . It is also possible that the palmitate enriched diet-induced peripheral insulin resistance, fluxes in glucose disposal and hyperglycemia, and lipid dyshomeostasis can be a contributing factor and exacerbate the ER stress and other pathophysiological mechanisms relevant to AD in the hippocampus. We have therefore expanded our studies and are examining the effects of feeding our cohorts of mice a palmitate-enriched diet for six months and nine months. This feeding paradigm will allow us to determine the involvement of palmitate-induced peripheral insulin resistance and lipid dyshomeostasis as a contributing factor to the ER stress in the hippocampus.
Our current study delineates and elucidates the role of ER stress-induced CHOP expression in mediating the palmitate-induced upregulation in BACE1 expression and A␤ genesis. Our previous studies have shown that silencing CHOP expression in SH-SY5Y cells attenuates the 27-hydroxycholesterol-induced increase in BACE1 expression [27] . The present study expanded and delved further into the role of CHOP in the exogenous palmitate-mediated upregulation of BACE1 expression, BACE1 activity, and A␤ production in SH-SY5Y cells. More importantly, the present study determined the role of CHOP in the palmitate-enriched diet-induced upregulation in BACE1 expression, BACE1 activity, and A␤ genesis in the hippocampi of mice. Further studies are warranted to determine the role of ER stress-induced CHOP activation in palmitateinduced cognitive dysfunction as well as learning and memory deficits.
